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Abstract 
Cranial implants are used as a substitute for parts of cranial bones that lost its 
function due to trauma or disease. An important factor, that influences function of the 
cranial implant structure, is its mechanical behavior. This thesis briefly summarizes 
current knowledge in the field of cranial defect reconstruction and provides comparison 
of different types of materials and implant wall shapes, based on stress-strain analysis 
of Computer Tomography based neurocranial model with placed implant and loaded by 
intracranial pressure and external load. 
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Abstrakt 
Lebeční implantáty se používají jako náhrady částí lebečních kosti, které v 
důsledku zranění nebo nemoci ztratili svou funkci. Důležitým faktorem, který ovlivňuje 
funkci celé soustavy implantátu, jsou jeho mechanické projevy. Tato práce stručně 
shrnuje současné znalosti v oblasti rekonstrukce lebečních defektů a popisuje srovnání 
různých tvarů stěn implantátu vytvořených z různých materiálů, na základě deformační 
napěťové analýzy modelu neurocrania s umístěným implantátem, zatíženým 
nitrolebečním tlakem a vnějším zatížením. 
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Introduction 
A Human skull is very complex multifunctional bone structure composed of 28 
bones of very unique mechanical properties, which mainly serves as protective cover of 
soft brain tissue. [2,5]. Nowadays, significant number of people all around the world are 
suffering from loss of partial or total function of a cranial bone tissue due to trauma, 
excessive abruption of bone flap, inflammation or tumorous disease [22]. If due to any 
circumstances cranial bone loses its ability to protect the underlying soft brain tissue, 
reconstruction of the defect is necessary to regain the protective function of the skull 
and to correct aesthetic deformities as well [23]. In order to gain the ability to repair or 
replace cranial parts, engineers were forced to develop suitable biomaterials and 
advanced designing, manufacturing and surgical methods [22]. Cranial implants (Fig. 1.) 
provide permanent solution of cranial defects and therefore, they have to remain in 
working state till the end of patient’s life [22]. In connection, cranial implant materials 
have to meet many requirements, such as fatigue and wear resistance or fracture 
toughness, to withstand external loads as well as an effect of fluctuating intracranial 
pressure, loading the implant body from an internal side [22]. Since the human body has 
the properties of corrosive environment, the implants must be corrosion-resistant and 
have a good resistance to degradation otherwise, for instance, release of particles and 
ions from the implant material can occur and result in implant failure or biocompatibility 
problems, such as allergic reaction or infection, causing premature removal of the 
implant from the patient’s body [22]. In the last decade, there has been a major 
development achieved in a field of cranial implants. As result, patient-specific or 
customized cranial implants have been invented to begin a new era of cranial defect 
treatment [20]. Patients-specific cranial implants are created in advance, giving 
engineers enough time for its custom design, replacing previously used implants that 
were shaped intraoperatively. Due to customization, precise shape and curvature of the 
implant, obtained using Computer Topographies, guarantee a perfect fit with the 
patient bone tissue [20]. For engineers to understand and being able to process the 
biological data, it is necessary to have a good knowledge of the medical field [22]. These 
cutting edge cranial implants are shaped based on customized contours and complex 
structure scaffolds, therefore the evolution of customized design of implants had to be 
followed by improvement in additive manufacturing to achieve an efficient fabrication 
[20]. As the design of patients specific and therefore more complexly shaped and curved 
implants improved, additive manufacturing technology has helped to achieve 
improvements in creating an actual physical implant from computer models [22]. 
Additionally, additive manufacturing enabled the possibility of creating a three 
dimensional physical models accurately representing patients anatomy that can be used 
by surgeons for surgical planning, didactic purposes or to communicate with patient 
distinctly reducing the risks, operative time and consequently costs associated with the 
surgery [22]. Thanks to cranial implants, the quality of patient’s life after surgery 
distinctly increases due to gains in functional and psychological terms which fully make 
up for the costs of developing and application of new design, manufacturing and surgical 
technologies [22]. 
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Fig. 1. 3D computer model of neurocranium with placed and fixed cranial implant 
 
1 Problem Formulation 
Cranial implants are used as a substitute for parts of missing cranial bones. These 
implants consist of implant body covering the bone defect and fixators, which hold the 
implant body in correct position and fix it to surrounding bone tissue. This whole implant 
structure must be rigid enough to protect brain tissue from external stresses and to 
withstand intracranial pressure, loading the structure from internal side. Currently, 
there are many types of shape varying fixator available as well as different types of 
implant materials.  One of the major factors that influence function of the whole implant 
structure is its mechanical behavior. Mechanical behavior of a cranial implant can by 
assessed by stress-strain states. Determination of these states is possible either by 
experimental or computational modeling approach [24]. Experimental modeling in 
biomechanics is very complex, therefore computational approach was used in this 
thesis, allowing comparing of different implant shapes and materials of individual 
elements forming designed system. During the computational model design process, it 
was necessary to solve several partial problems related to creating model geometry, 
materials, connections, mesh properties and others. Therefore implementation of 
detailed research study of all elements of the designed structure was necessary.  
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2 Human Skull 
One of the most complex bone structures in a human body is the skull. It serves 
as a strong and at same time flexible capsule for brain tissue. This multifunctional 
structure can be divided into 28 bones, each having its unique internal and external 
geometry. These bones can be further categorized into neurocranial bones, protecting 
and holding the brain, and bones of the face or facial bones.  
 
 
 
 
Fig. 2. A lateral view of neurocranial bones [6-edited] 
 
2.1 Neurocranial Bones 
The group of neurocranial bones consists of three unpaired bones (Occipital bone, 
Sphenoid bone, Frontal bone) and two paired bones (Parietal bone, Temporal bone) as 
shown in figure 2. These neurocranial bones form two main parts of neurocranium: 
calvaria or skullcap and basis crania or skull base. Boundary between these two parts 
was artificially set by a straight line starting at superciliary arches and going to external 
occipital protuberance, so called inion, located in the middle of occipital bone. 
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Therefore, the skullcap is made up of parts of the frontal bone as well as part of Occipital 
bone and both Parietal bones. [5] 
 
2.2 Cranial Bone Features and Sutures 
As mentioned earlier, the bones forming human skull vary by shape. Using 
anatomical division, cranial bones can be either flat bones, pneumatic bones or just 
bones with irregular shape. Each individual bone has its own features and specificities 
as well [5]. The skull also contains large number of foramina and canals-openings. These 
canals allow blood vessels, cranial nerves and other structures to pass through the skull. 
A typical example of the skull opening is the parietal foramen that serves as a gate for 
emissary vein connecting vein outside and inside the skull. Along with foramina and 
canals these features include notches, fissures, wings, crests, eminences and others 
[1,2]. Most of the 28 bones are joined together so that they remain stationary under 
load. They are held together by sutures (Fig. 3,4), connective tissue joints that can 
differentiate morphologically or by level of interdigitation and that occur only in the 
skull. Materially, sutures mostly consist of collagenous fibers and they allow only very 
small movement which positively affects overall skull flexibility. These joints allow the 
cranial bones to grow till approximately twenty years of age. After the growth of cranial 
bones is completed, sutures start to ossify and turn into bone completely in older age, 
reducing flexibility of the skull.  On the way from inner to outer surface, the 
sophistication of these indented sutures increases. The most significant sutures in a 
human skull are:  the coronal suture, connecting the frontal and parietal bone, the 
lambdoidal suture, running horizontally between the occipital bone and both parietal 
bones, and the sagittal suture, dividing parietal bones as shown in figures 3 and 4. 
Intersecting of these three sutures create special anatomical points. Intersection 
between sagittal suture and coronal suture is called bregma while lambda is a point 
where sagittal and lambdoid suture come together [4].  
 
Fig. 3. Superior view of calvaria with sutures and parietal foramen [7] 
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Fig. 4. Neurocranial bones divided by cranial sutures [8-edited] 
 
It is essential to mention that male and female human skull differs. Due to overall 
muscle robustness, male skull is naturally in average overall bigger, heavier and more 
massive than the female skull.  Another features supporting gender differentiation of 
the human skull may or may not be developed. [5] 
 
3 Mechanical Properties of Cranial bones 
Neurocranial bone as a material is very complex structure and since it helps to 
recognize the mechanism of trauma, the knowledge of its mechanical behavior can be 
decisive in treatment of head injuries [2]. Neurocranial bone as a flat bone consists of 
compact bone tissue and spongy bone tissue, so called diploe. While neurocranial bones, 
forming the skull base, have variable ratio of compact bone and spongy bone, bones of 
the skullcap consists of three individual layers (Fig. 5.). The top and bottom layers are 
made of compact, solid and therefore high-density cortical bone tissue while the central 
trabecular layer, the diploe, comprises of low-density bone tissue due to numerous 
pores distributed through the material without any significant pattern [5]. Thickness of 
the diploe is a crucial factor that affects the overall strength of bone and its thickness in 
different places vary [3,5]. The average porosity of the diploe is around ten percent; 
however no significant correlation between porosity percent and overall mechanical 
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properties of neurocranial bone was proven. On the other hand, both elastic modulus 
and maximum bending stress increase with increasing percent of bone volume. The 
outer layers represent the stiff part of the cranial bone while the lightweight core layer 
is an efficient energy absorber which makes the whole structure overall durable. It is 
perfectly analogical to the so called engineering sandwich structure which benefits from 
combining several materials with different material properties, together [3]. Causes of 
the different composition of bones forming the skull base and the bones forming the 
skullcap can be found in dissimilar functions of these two structures [5]. 
 
 
 
Fig. 5. Skullcap bone cross section [9-edited] 
 
According to the literature, due to numerous factors like morphological variation 
between subjects, which results in different possible size and shape of tested specimen, 
or type of tissue used (fresh, embalmed), the studies have shown large variation in 
recorded mechanical properties of  cranial bones [3].  
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Fig. 6. Cross section view of the same neurocranium parts of two different skulls, 
varying by thickness of layers, porosity and curvature [3-edited] 
 
It is not less complex to evaluate results of tests due to the fact that cranial bone 
is an inhomogeneous, anisotropic material that has non-uniform cross section.   In order 
to obtain generally valid results, statistical conclusions have been made from large 
number of cranial bone specimen tests. The tests have shown that higher maximum 
forces and maximum bending stress were associated with higher testing speeds. 
Generally cranial bones tend to act stiffer at higher average loading speeds. The 
resulting mechanical properties of adult cranial bones obtained from three point 
bending set-up tests, carried out at three testing speeds are summarized it table 1 [3]. 
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Tab.1. Mechanical properties of human cranial bone in three-point bending [3-edited] 
 
- Average deviation in brackets 
- RP: right parietal bone 
- LP: left parietal bone 
- F: frontal bone 
- E: elastic modulus 
- σmax: maximum bending stress 
- Uo: energy absorbed before failure 
 
It is noticeable that, testing speed has major impact on the results in all 
properties mentioned above and thus plays an important role in adult cranial bone 
failure. This statement is also proved by the box and whisker plot carried out for module 
of elasticity as shown in figure 7. Human cranial bone is naturally viscoelastic and in 
order to protect brain tissue it is able to withstand increased loading rate by adapting 
with respect to its material response [3]. As being mentioned above, there are big 
morphological differences among cranial bones of different subjects [5]. The most 
important factors that influence mechanical properties are porosity, overall bone 
thickness, thickness of each of three cranial bone layers and initial radius of curvature. 
These values can strongly differ as shown in figure 6, however, some general behavior 
can be expected [2,3]. In the transverse or tangent direction to the skull, cranial bones 
tend to be stronger and stiffer compared to the radial direction [2]. Studies have shown 
that frontal bone is able to absorb more energy and resists to higher forces prior failure 
than parietal bone due to its greater thickness, lower porosity and thus higher percent 
of bone volume. Therefore, cranial vaults appear to be less prone to frontal impacts then 
side impacts in terms of dynamic accident situations [3].  
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Fig. 7. Average elastic modulus at different testing speeds [3- edited] 
 
All the results mentioned above were obtained for cranial bone specimens 
without sutures. In cases where there was a failure of bone with sutures involved, it was 
found that the affected bone failed under lower bending stresses than bones without 
sutures would fail. Generally, in terms of bending, section of bone with sutures tend to 
be weaker than section without them, however the sutures absorbed from 16% to 100% 
more energy compared to bone during impact loading. Also, bones containing sutures 
appear to increase its both, bending strength and energy absorbed during impact 
loading with increased sutural interdigitation [4].  
Studies have shown that there are many parameters that strongly influence final 
mechanical properties of cranial bone. These parameters could be: testing speed, strain 
rate, cranial sampling position and intracranial variation as noted earlier. Also due to 
large variability of biological tissues it is naturally acceptable that the mechanical 
properties of cranial bone differ from calvaria to calvaria [3].Also, in both parts of 
neurocranium, there are zones with thicker bone layers and thinner bone layers which 
make these zones unequally able to withstand external forces. The knowledge of these 
zones is crucial in term of understanding the process of fracture lines propagation during 
the skull fractures [5]. 
 
4 Intracranial Pressure 
The term intracranial pressure is understood as a pressure inside cranial cavity. In a 
normal state, volume of cranial cavity, which is approximately 1700 ml, is filled with 
three components: brain tissue (80%), cerebrospinal fluid (10%) and blood (10%) [12]. 
Intracranial pressure depends on mutual interaction between these three components 
and cavity volume. The cranial cavity of and adult patient is relatively rigid structure, 
therefore intracranial pressure is determined by pressure of brain tissue, cerebrospinal 
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fluid and blood on the cranial cavity wall [10,11].  These three components, filling the 
cranial cavity space completely, are relatively incompressible due to high water content. 
Consequently, change of volume of one component leads to change of the value of 
intracranial pressure and change of volume of the remaining components as well. In 
reality, the volumes of all of these three components are very unstable values changing 
irregularly [12]. As a result of this fact intracranial pressure is a dynamic value dependent 
on immediate values of volume of components involved [12,17]. It also varies with age, 
body position ad clinical conditions [17]. An adult human being, when lying down, has a 
neutral value of intracranial pressure between 7-15 mm Hg (pressure value expressed 
by a height of mercury column) which corresponds to 0.9-2.0 kPa. When standing, the 
value can get below the level of atmospheric pressure which is 29.92 mm Hg or 3.99 kPa 
[35]. Big positive or negative changes from neutral state of intracranial pressure are 
strongly adverse. If there is an extreme change of volume of one of the components or 
eventually emerging or growing brain tumor or other unusual bodies, the remaining 
non-growing components must reduce their volume as it was explained above [12]. 
Firstly, the compensatory reserve is used when blood or cerebrospinal fluid are moved 
out of cranial cavity to make room for the expanding body so the intracranial pressure 
can remain constant as shown in the first left part of figure 8. The first part of the graph 
is showing that the intracranial pressure remains low in spite of increasing volume. If 
one of the components or the body is still growing and there is no farther movement of 
blood of cerebrospinal fluid possible, the intracranial pressure starts to grow rapidly and 
the initially almost flat curve becomes exponential representing the middle part of the 
graph in figure 8. At this point the ability of the system to maintain volume increase 
without significant change in intracranial pressure, called intracranial compliance, is lost 
and even a small change of volume corresponds to big change of pressure [17]. 
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Fig. 8. Graph showing dependence of ICP on tissue volume and compliance 
waveform in each section [17, 18-edited] 
 
The unstable character of intracranial pressure is also supported by the fact that 
intracranial pressure is changing with each cardiac cycle. Also, intracranial pressure 
waveforms, shown in figure 8, are actually modified arterial pressure waves. The 
intracranial pressure waveform is defined by three distinct peaks and it is synchronous 
with the arterial pulse.  The first peak is connected with arterial pulse and it is called the 
percussion wave. The second wave, known as a tidal wave, represents reaction of 
intracranial compartment to the recent increase of pressure. Consequently as the 
intracranial compliance decreases the amplitude o the second peak raises. If the tidal 
wave amplitude exceeds the percussion wave amplitude, it denotes that a significant 
decrease of intracranial compliance must be present as shown in figure 8. Finally, the 
remaining third wave correlates with process of aortic valve closure [17]. 
As being explain earlier, the waveform of intracranial pressure has its specific 
features. If we stretch the time of measuring of intracranial pressure, sinusoidal pattern 
of ICP waveform can be observed. This phenomenon is related to respiratory cycle. As 
shown in the figure 9, the respiratory wave is synchronous and alternates from central 
venous pressure with amplitude between 2 and 10 mm Hg. If we combine the waveform 
generated by the arterial pulse and waveform generated by the respiratory cycle, we 
obtain very complex dependency of ICP on the basic processes in the human body [18]. 
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Fig. 9. Respiratory wave of intracranial pressure [18-edited] 
 
Values of intracranial pressure can be significantly influenced by gravitational 
forces as well. When standing, since the gravitational forces act equally on veins and 
arteries, the overall influence is canceled out. However, this equilibrium can be easily 
disturbed. When standing up quickly, acceleration caused by the rapid movement is 
acting against gravitational forces, forcing the blood to move out of cranial cavity and 
causing the intracranial pressure to drop for a short period of time. In extreme cases this 
can cause lack of brain perfusion and consequently faintness. On the other hand, when 
the acceleration is acting downwards, thus in the same direction as gravitational forces, 
the blood is forced to move inside the cranial cavity and naturally causing the pressure 
to increase. [11] 
In summary, intracranial pressure is a number providing information about the 
mutual interaction between cranial cavity and components filling its volume [10]. Also, 
by monitoring and analyzing the intracranial waveform a lot of information, for example 
about emerging or growing brain tumor can be obtained [12,17]. In terms of intracranial 
pressure being load acting on the cranial cavity wall, it is a very unstable [17]. Therefore, 
cranial implants replacing parts of this wall must be designed to withstand these 
fluctuating forces [22]. 
 
5 Materials 
In order to deal with calvarial defects, selection of an appropriate material is one 
of the key steps in the cranial implants design. These materials must meet many criteria 
such as availability, low cost, cosmetic shape, must be easy to use and have 
osteointegrative potential (direct structural and functional connection between living 
bone and the surface of implant) [16]. Cranial implants in a working state may fail due 
to corrosion, wear or mechanical fracture. The material failure can also be speeded up 
by cyclic mechanical stress, which the implants are exposed to due to fluctuating 
intracranial pressure or changing external loads. Moreover, a chemical degradation of 
the material can disrupt the material integrity and cause an allergic reaction or infection. 
Consequently, loose material particles can enter a blood stream and be spread across 
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the whole body, settling in organs and harming its tissues. This makes the properties of 
resistance to fatigue, wear and corrosion necessary for every cranial implant biomaterial 
to have [22]. Therefore, materials marketed for medical use are strictly tested for all its 
indispensable properties to prove that they are according to standards for implants [22]. 
The most favored technique in calvaria reconstructions is using autologous bone, but 
when, for example, a sever bone comminution or infection occurs, this strategy is not 
always an option.  In cases, where autograph reconstruction is not possible, synthetic 
substitutes are used. These alternatives for autologous bone are very important part of 
calvarial defect treatment in current practice. In order for cranial implants to meet all 
their requirements, suitable material must be selected during the implant design. There 
are numerous materials that have been used to repair large cranial defects with 
comparable results. Such materials are: polymethyl methacrylate (PMMA), titanium, 
hydroxyapatite or polyether ether ketone (PEEK) [16]. 
.  
5.1 PMMA  
Polymethyl methacrylate is often used as a material for repairing cranial defects 
[15]. It gained its popularity during the World War II when it was used to treat cranial 
injures of soldiers [16]. The material can be prepared just before its application by mixing 
a powder polymer with a liquid monomer form (methylacrylate) and a benzoyl peroxide 
that serves as an accelerator. As a result exothermic chemical reaction and 
polymerization occurs, creating the final solid polymer due to monomer linking and 
subsequent formation of solid polymer [15]. During operation the mixture of 
polymerized methyl methacrylate and liquid monomer can be prepared right in the 
operating room. After the reaction of the components is completed, the resulting 
material becomes malleable and can be shaped to fit the cranial defect. A sterility of 
powder used to mix this acrylic resin must be ensured, however that seem to be a 
problem in the beginning of PMMA usage. As side effects, due to many studies, in some 
cases thermal damage of neural tissue and intoxication from residual methylacrylate 
monomer during the material hardening appears. As a strong cytotoxic lipid solvent 
present in saline irrigation of PMMA implants, methyl methacrylate monomer can cause 
severe neural tissue damage during application. Among intoxication and nerve damage 
caused by heat, there have been cases reported allergic reaction related to application 
of PMMA implants as well [15]. In comparison with majority of metals PMMA is lighter, 
cheaper, has better malleability, higher level of radiolucency and lack of thermal 
conduction. On the other hand, the problem with acrylic resins like PMMA is its 
brittleness and consequently risk of fracture of PMMA implants. Therefore, titanium 
mesh is often used as scaffolding supporting the PMMA implant body [16]. Pure PMMA 
has a Young’s modulus between 1.8 and 3.1 GPa and a Poisson ratio between 0.35 and 
0.4 [21]. In the last decade, the improvement of computer-aided design and modeling 
decreased number of intraoperatively molded PMMA implants (Fig. 10-a) and open a 
new era of PMMA usage in patient specific implants (Fig. 10-b) [16]. Although, PMMA 
seems to be a suitable material for cranial implants, its poor osteointegration properties 
is what limits its usage. Therefore, a material with PMMA core was invented introducing 
a layer of porous fiber on a surface of PMMA coated with bioactive glass improving its 
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level of biocompatibility. Despite slightly reduced mechanical properties this new type 
o PMMA based implants offer a new type of biological advantages including bone 
ingrowth [20]. 
 
 
 
Fig. 10. a) Molding of polymethyl methacrylate implant [19], b) Patient-specific PMMA 
implant [36] 
 
5.2 Titanium 
The most common metallic biomaterial used in current practice as a material for 
cranial implants is a pure titanium or its alloys [16,22]. The usage of other metals or 
alloys like aluminum, platinum of vitallium was discontinued due to either to many side 
effect, expensiveness or inability to be easily shaped. Titanium is biocompatible, has 
almost no risk of allergic reaction, great mechanical strength and low infection rates 
[16]. Titanium is non-magnetic material with high corrosion resistant due to formation 
of surface coating layer of titanium oxide (TiO2) [22].  It is also less expensive than some 
other metals and has a good level of radiolucency as well [16]. Pure titanium occurs in 
two types of crystalline formation, alpha and beta. Alfa phase has a hexagonal close-
packed crystalline structure (hcp) and is the form that occurs at room temperature. In 
contrast, beta phase of pure titanium is characterized by body-centered cubic crystalline 
structure (bcc) and occurs at higher temperatures. Alloying elements tend to move 
phase transformation temperature upwards or downwards, stabilizing either the alpha 
or beta formation type. Based on this feature, there are alpha stabilizers (aluminum, tin, 
zirconium) and beta stabilizers (vanadium, chromium, iron) creating three categories of 
titanium alloys: alpha alloys (α), beta alloys (β) and alpha-beta alloys (α+β). The most 
commonly used titanium alloy for cranial implants is Ti6Al4V. Ti6Al4V or also just Ti64 is 
part of the alpha-beta alloys group where aluminum stabilize alpha phase while 
vanadium stabilize beta phase. Very popular in practice is also Ti64 ELI, which stands for 
Ti6Al4V extra-low interstitial version with very low percent of impurities [22]. Ti64 ELI 
has a Young’s modulus of 110 GPa and Poisson ratio of 0.30 [26]. Due to its great 
properties titanium is also used alone as a titanium mesh (Fig. 11-a) or as a scaffold for 
cements.  Titanium is could be also chosen as a material for implants that are shaped 
intraoperatively, thanks to its ability to by easily shaped despite its hardness. However, 
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most of the times, titanium is used as a material for patient specific custom made 
implants using computer aided design and rapid prototyping (Fig. 11-b) [16]. 
 
  
 
Fig. 11. a) Titanium mesh used alone for cranial defect treatment [37], b) Solid titanium 
patient-specific cranial implant [38] 
5.3 Plastics 
Polyetheretherketone (PEEK) and porous polyethylene are above of the most used 
plastics in clinical practice. The usage of polyethylene was limited to small cranial defects 
due to its softness until porous polyethylene was invented. The pores, 100-250 µm wide, 
not only improved mechanical properties of polyethylene but more importantly allowed 
ingrowth of soft tissue inside the pores and to deposit collagen as well [16].  
 PEEK is an organic thermoplastic polymer without any color, commonly applied 
in engineering applications. It is very often used as a material for customized patient-
specific implants (Fig. 12.) but can also be shaped intraoperatively, if necessary [16]. 
PEEK, in terms of medical application, was originally used for spinal reconstruction, 
however experiments have shown its great potential for cranioplasty usage as well [27]. 
It is comparably strong, radiolucent and stiff as compact bone. PEEK has an elastic 
modulus of 3.6 GPa, and Poisson’s ratio about 3.4 [16,28]. However, PEEK is 
semicrystalline thermoplastic and therefore its mechanical behavior is highly influenced 
by its matrix properties that are defined according to processing conditions [28].  PEEK 
is also very chemically inactive, non-allergenic, and lighter than titanium and has the 
ability to withstand multiple high temperature or gamma ray sterilization, if needed [16]. 
Therefore, if the defect reconstruction fails due to nondestructive reasons such as 
infection, PEEK implants could be reserialized and reused [27]. PEEK as a thermoplastic 
material able to remain stable up to 240°C and melts at a relatively high temperature of 
343°C. To manufacture complexly shaped parts made of PEEK, Selective Laser Sintering 
is used, replacing conventional methods of PEEK processing such as injection molding or 
CNC [29].  Nevertheless, pure PEEK cranial implants are not biologically active, therefore 
 Institute of Solid Mechanics, Mechatronics and Biomechanics 
 
27 
at the end of manufacturing process, they must be coated by collagenous fibrous tissues 
to allow osteointegration [20]. 
 
 
Fig. 12. a) Solid body PEEK cranial implant, b) Porous PEEK cranial implant [20-edited] 
 
5.4 Ceramics 
In the last century, ceramics made from calcium and phosphate compounds have 
been used in two modifications: tricalcium phosphate and hydroxyapatite. Studies have 
shown that tricalcium phosphate can stimulate bone growth and is biocompatible but 
due to its mechanical instability and resorbability it was found unsuitable for cranial 
implants usage [16].  
Hydroxyapatite (HA) is a part of apatite group which is the fundamental inorganic 
compound of a human bone. HA is a matte, calcium-phosphate material occurring in 
nature that forms either hexagonal or monoclinic crystallographic system [30]. It is 
material that in mixture with water changes its properties from being brittle and difficult 
to mold to easily moldable and later self-hardening [16]. In comparison with materials 
mentioned above, hydroxyapatite has improved biocompatibility and biomimetic 
behavior, which means that once implanted, the material acts like a bone and is 
accepted by the recipient bone in the same way, eliminating all immunological 
complications. However, perhaps the most important benefit of HA is the ability of 
osteointegration with the host bone. Among the advantages of material 
osteointegration is the ability of the spontaneous healing after implant fracture. Figure 
13. shows a self-healing of an HA implant after the patients car accident [30]. 
 
Michal Hřičiště Stress-strain Analysis of Skull Implant 
 
28 
 
 
 
Fig. 13. a) CT picture of implant fracture, b) HA implant after 7 months of spontaneous 
healing [30-edited] 
 
To increase tissue ingrowth (osteoconductivity) and permeability, macro, micro or 
interconnected porous HA is used with porosity up to 70% (Fig. 14-b). Very popular is 
the use of HA with interconnected macropores (>150 µm) which simulates the porosity 
of spongy bone. Due to osteoinductivity, after required period of time, there is an 
absence of radiolucent line at the borderline between bone and implant proving the 
fusion of the two structures and consequently successful osteointegration. Due to its 
chemical composition and high morphological similarity with a natural human bone, 
porous hydroxyapatite is the most promising material in modern cranial defect 
treatment practice (Fig. 14-a), however poor plasticity and high cost are the boundaries 
that limits its application [30]. 
 
 
 
Fig. 14.  a) Cranial implants made from hydroxyapatite [30], b) A microscopic image 
of porous hydroxyapatite material [39] 
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6 Types of Implants 
There has been a revolution in design of cranial implants in terms of materials, 
method of fixation, and their structure leading to recent development of patient-specific 
cranial implants [20]. These cutting edge cranial implants replace previously used 
conventional cranial implants which were shaped intraoperatively on a free hand basis 
[22]. 
 
6.1 Conventional Approach 
Conventional cranial implants are shaped into required shape by surgeons on a 
free hand basis during surgery. The material is molded using the cold cure molding 
technique.  The inability of surgical planning and the implant pre-shaping are the major 
problems. Especially the lack of overview of larger bone areas complicate the situation 
for surgeons trying to abide cranium symmetry.   Conventional method also expands the 
time of the operations, which take approximately 3 hours, and can be associated with 
several complications, such as local tissue damage due to pure heat treatment or 
intoxication. Quality of these implants strongly depends on surgeon skills and 
experience. Only the most precise implants will provide sufficient fit into the cranial 
defect preventing possible subsequent movement, extrusion or dislocating the implant 
which could result in premature removal of the implant [22]. 
 
6.2 Patient Specific Approach  
In the last decade, there has been a significant evolution in cranial implants 
design. One of the biggest step forward in this field was the start of development of 
patient-specific cranial implants [14]. In this modern age, cooperation of additive 
manufacturing and digital imaging techniques of computer tomography and magnetic 
resonance facilitate design of implants reproducing exact anatomical structures [22]. 
Creation of patient specific implant is a very complex multi-step process (Fig. 15.), where 
each step represents potential threat of creating geometrical inaccuracies [25]. At first, 
preoperative 3D digital image must be acquired by using computer tomography scanner 
or magnetic resonance imaging data [22]. For bony structures, CT imaging is usually 
preferred due to better hard tissue contrast and spatial resolution of the 3D data [25]. 
The data obtained from CT scanning come in Digital Imaging and Communication in 
Medicine (DICOM) format. Next step is converting DICOM data into Standard 
Tessellation Language (STL) file format which includes a process of image segmentation, 
where all materials, that are not the subject of interest, are excluded. This process can 
proceed automatically, however in complex cases manual approach is necessary. With 
manual segmentation, the risks of creating geometric errors increases and very often 
collaboration between engineers, radiologist and surgeons is required to achieve precise 
segmentation [22,25]. The segmentation process is based on threshold technique that 
assess materials density [22]. Materials with intensity values equal or higher than 
selected threshold value remain in the final image while the ones with values below the 
chosen threshold value are abandoned [25]. Problem with threshold based 
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segmentation is that boarders between zones of different intensity values are not 
definite and precision of segmentation is limited by the width of one voxel [25]. After 
the segmentation is finished, special algorithm is used to generate STL file that can be 
further processed in CAD or CAM software or by additive manufacturing systems [25]. 
 
 
Fig. 15.  Process map of patient specific cranial implant creation [22,23,25] 
 
Next step of the process is designing the implant by skull surface reconstruction 
that can be done either by using intact skull dataset, mirror imaging or using 
mathematical algorithms based software [23]. 
 
6.2.1 Intact Skull CT Dataset 
Using intact skull dataset is the most favorable way of surface reconstruction 
because an accurate surface data of the missing bone can be used. However, in most 
cases only CT of injured skull is available [23].  
 
6.2.2 Mirror Imaging 
Another and very commonly used way of restoring missing surface is mirroring 
the unaffected side [23]. This approach uses points of the symmetric unaffected side of 
the skull to create accurately shaped model for the implant [23]. Figure 16. illustrates 
the process of restoring skull defect that doesn’t extend through the skull midline plane 
(a=blue) [23]. Firstly, datum or mirror plane must by positioned by selecting three key 
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points to define the plane (b). Next, the unaffected side is mirrored into the defect 
(c=grey) and new created point cloud is recorded with defected side (d) [22,23]. Then 
the final implant (orange) is selected by subtracting unaffected (blue) and mirrored 
(grey) parts. Finally, the new implant model is placed into the defect and the overall 
design can be assessed or further edited. Mirroring symmetric side is very effective way 
of cranial surface reconstruction, however in cases of defect crossing the midline the 
solution is very complex or doesn’t exist at all [23].  
 
 
 
Fig. 16. Workflow of skull surface digital restoring by mirroring an unaffected side    
[23-edited] 
 
6.2.3 Mathematical Algorithms Based Software 
For reconstruction of both small and large defects, even those that extend across 
the midline, mathematical curvature-based algorithm approach can be used. According 
to literature, this approach is very fast, due to need for only one type of commercially 
available software, relatively cheap and the final products are anatomically well-fitting 
cranial implants [23]. 
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Fig. 17. Reconstruction of small cranial defect by using curvature-based algorithm [23] 
 
Figure 17. describes digital reconstruction of small cranial defect not crossing the 
midline (a) by applying special mathematical algorithm. The initial step is selecting (b) 
and deleting the edges of the actual defect (c). Then, the defect is closed by applying the 
curvature-based, hole-filling algorithm that uses tangent lines of the surface 
surrounding the defect to generate new surface that is very similar to the original 
curvature (d). Next, the original skull model is removed and the remaining part is 
modified to have appropriate thickness (e). Finally, the resulting implant is placed into 
the defect (f) and further design such as perforations for tissue ingrowth or openings for 
fixator screws can be added (g) and the implants can be exported to be fabricated by 
additive manufacturing [23]. 
In cases where the defect is very large and crosses the skull midline, the 
reconstruction process is similar to the one of unilateral defect. However, since the 
calculation process is very complex, additional steps must be taken in order to verify the 
final results [23]. 
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Fig. 18. Reconstruction of a cranial defect extending the skull midline by using 
curvature-based algorithm [23-edited] 
 
After applying the algorithm, the implant is designed in the same way as in the 
case of unilateral implant. Subsequently, surface of the affected area is checked by, at 
first, superimposing the planned CAD file of the skull defect with the designed implant 
in place (c) with the CAD file of the intact skull before the defect was created (if 
available), and then by comparing the planned implant design CAD file (c) with CAD file 
of the skull with fabricated implant in place (d). Next, distances between positions of 
planned implant and fabricated implant are calculated (f). The same approach is used to 
determine the position differences of the fabricated implant and original skull curvature 
(e). In the case of figure 18, the green color in picture f) indicates, that the distance 
between planned and actual implant was for 90% of the whole surface lower or equal 
to 0.5mm. However, the red zones in picture e) shows that in such a complex cases the 
mathematical algorithm might tend to a slight outward building, in this case up to 3.5 
mm [23]. 
Patient specific implants have proven to be very effective and useful tool for 
cranial defect reconstruction. Due to the new ability of preoperative planning and 
manufacturing, the overall duration of surgery decreases rapidly while the surgical 
accuracy increases. However, the design accuracy, duration of design process and 
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overall cost of patient specific implants are still zones where improvements need to be 
done [22]. 
 
 
7 Fabrication Methods 
Developments in biomechanical engineering allows engineers to create implants 
of customized contours and complex shapes which make more demands on 
manufacturing process to  fabricate the implants efficiently. The most important 
features of customized cranial implants are precise definition of contour and curvature 
to achieve a perfect fit with the cranial defect [20]. Conventional methods used for 
cranial implants manufacturing are casting, machining, forging or powder metallurgy. 
However, as the design improves, good alternatives to conventional machining 
approach are found in additive manufacturing technologies [22]. Additive 
manufacturing is an advanced process allowing creation of three-dimensional objects 
using data from computer aided design [20].  In comparison with classical fabrication 
methods, such as milling or turning that create the final object by subtracting material, 
rapid prototyping creates the part using additive method by depositing or building the 
material up only where needed enabling to produce parts with great shape complexity 
[20,22]. The part is built up in layerwise fashion until it’s completed [20]. Initially, there 
is a 3D computer model of an implant. Special program generates 2D slices of contour 
lines by slicing the 3D model. These 2D contour lines are used in each layer as a map 
defining where material needs to be added. The process goes on, building the part up 
gradually one layer at the time and consolidating these layers together until the part is 
finished [22]. Nowadays, the market offers about twenty types of additive 
manufacturing systems, that all work on the same principle of building parts up by 
layers, but use different methods of adding or melting material. All the systems could 
be divided into groups according to initial state of raw material that can be liquid, solid 
or in form of powder. Among the most widely used are: stereolithography (SLA), 
selective laser sintering (SLS), direct metal laser sintering (DMLS), selective laser melting 
(SLM), fused deposition modeling (FDM), 3D printing (3DP) and electron beam melting 
(EBM) [22].  
After the material is melted and shaped, an additional thermal treatment, such as 
annealing, may be used to get rid of internal stresses, to improve material properties 
and to achieve desired microstructure. Also, to improve surface features that are very 
important in terms of biological performance, ionic implantation, nitriding, porous or 
microporous coating application, polishing chemical cleaning or passivation may be 
performed [22]. 
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7.1 Selective Laser Sintering 
SLS is one of the most flexible AM techniques in terms of variety of materials 
including biocompatible plastics or metal alloys that can be used to create the final part. 
A thin layer of an initial material, which is in form of powder, is placed on a non-adhesive 
table. Then a high power laser is used to selectively fuse small particles of material 
following data from 2D contour lines slices. After each layer is finished, the non-adhesive 
table drops one layer thickness down and a new layer of powdered material is applied 
on top and the whole process repeats till the part is finished [20]. The whole system is 
briefly indicated in figure 19. 
 
 
 
Fig. 19. Selective Laser Sintering diagram [35-edited] 
 
7.2 Electron Beam Melting 
One of the direct-layered metal fabrication technique commonly used for 
creating complexly shaped parts such as cranial implants is EBM. Before the 
manufacturing process is started, special software is used to analyze any gaps 
overlapping areas and continuity of curvature between implant and cranium. The whole 
process takes place in vacuum using a thermionic emission gun composing of tungsten 
filaments which ensures production of electron beam. The maximum power of the beam 
used is 4.8kW.  The following process is then very similar to the SLS. Particular particles 
of metal powder are selectively melted by the electron beam radiation. After a very 
short period of time, the melted material solidifies and deposes on the previous layer. 
After the layer is finished new powder level of 0.07-0.25 mm in thickness is added as 
being explained by figure 20. This loose powder is scanned by the electron beam at low 
power and high velocity to slightly sinter the new loose particles. This step helps to 
support the part during building process. Moreover, light sintering of surrounding 
powder helps lower temperature difference between cooling melted particles and its 
surroundings leading to lower residual stresses in the part [31]. The preheating step also 
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helps to avoid major EBM disadvantage which is electron beam blowing the powder 
away. During the contact of the beam with the loose powder, loose particles are blown 
away similarly like during explosion, due to electrostatic repulsion between the 
particles. In comparisons with other AM processes, due to little losses during conversion 
of electric energy to electron beam energy, EBM is very energy efficient. EBM is suitable 
for manufacturing of fully dense materials with high melting point and can be used for 
fabrication of wide variety of materials including stainless steel, Cu, variety of Co and Ni-
based superalloys and Ti6Al4V, which makes it very suitable for building cranial implant 
prototypes [33]. 
 
 
Fig. 20. Electron beam melting process work flow [34-edited] 
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8 Solution Method 
One of the major factors influencing function of a whole implant structure is its 
mechanical behavior. Mechanical behavior of a cranial implant can by assessed by 
stress-strain states. Determination of these states is possible either by experimental or 
computational modeling approach [24]. Since experimental modeling in biomechanics 
is very complex, effective computational approach was used in this thesis, allowing 
comparing of mechanical behavior of two cases of the same cranial defect. In the first 
case, the defect was created by cylindrical cut, resulting in straight wall cranial defect 
(Fig. 21-a), while the other one was created by conical cut, resulting in incline wall defect 
(Fig. 21-b). In order to assess these two cases, stress-strain analysis were carried out for 
implants made of four different materials and compared. A computational model 
consisted of partial models of geometry, materials and boundary conditions.  
 The most favorable method for computational modeling in biomechanics is Finite 
element method (FME).  Current market offers several commercially available software 
that use FEM as solver method for computational models problems. In this thesis, ANSYS 
Workbench 15. software was used to solve the designed system. ANSYS license was 
available at Institute of Solid Mechanics, Mechatronics and Biomechanics at Brno 
University of Technology. 
 
 
9 Computational Model 
As being mentioned above, computational model comprised of several partial 
models.  Accuracy level and precision of these sub-systems was decisive for achievement 
of high quality outcomes. Therefore, it was essential to pay close attention to these 
partial models: 
1) Model of geometry 
2) Model of materials 
3) Model of boundary conditions 
In this thesis, three-dimensional computational model (Fig.21.) was used for the 
analysis. Creation of the individual sub-systems will be described below. 
 
9.1 Model of Geometry 
As being mentioned earlier, data for computational model geometry of the human 
skull are favorably obtained from CT or MRI imaging methods. In this thesis, geometrical 
models of a neurocranial part of patient’s skull with placed implant (created from CT 
data by image processing in STL Model Creator software) were provided by the 
supervisor of this work, Ing. Petr Marcián, Ph.D., one with defect created by cylindrical 
cut (Fig. 21-a), (straight wall cut) and one with defect obtained by conical cat with 
resulting inclined wall (Fig. 21-b). 
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Fig. 21. a) Geometrical model of neurocranium and implant with straight wall defect,       
b) with inclined wall defect 
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 These geometrical models were then farther edited by creating and placing 
models of fixators and micro screws. In this thesis, geometrical models of fixators (Fig. 
22.) and micro screws (Fig. 23.) were created on the bases of existing, commercially 
available fixators made by KLS Martin. Due to great computational complexity, screw-
threads were not considered in design of the micro screws. 
 
 
 
Fig. 22. a) KLS Martin micro plate fixator [40-edited], b) ANSYS Workbench model of 
fixator geometry 
 
 
Fig. 23. a) Model of micro screws geometry without screw-threads, b) Model of the 
whole fixing system geometry 
 
After obtaining micro screws and fixators geometry models, these structures 
were placed into models of neurocranium with placed implants (Fig. 24-a). In this work, 
three fixators with two micro screws for each, were chosen to hold the implant body in 
correct position and fix it to surrounding bone tissue. These three fixating plates were 
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placed uniformly with about 120° angle between each two of their longitudinal axes (Fig. 
24-b). 
 
 
 
Fig. 24. a) Fixators and micro screws placement, b) uniform distribution of 
fixators with angle of 120° 
 
9.1.1 FEM Mesh Properties 
FEM consist of small elements that describe each part of the designed structure. Size 
of these elements is one of the decisive factors that determines solution precision and 
computational time.  In terms of effective computational process, element size should 
be chosen so that ideal ratio of results accuracy and computational time is achieved. In 
this thesis, solid 187 was selected as unit for FEM mesh. Solid 187 is a quadratic element 
in a shape of tetrahedron with 10 nodes per each element and three degrees of freedom 
[41]. A Default mesh with larger elements was softened around critical zones, where 
either maximum strains or stresses were expected (Fig. 25-a). These zones included 
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implant body, bone tissue surrounding the contact areas with the implant (Fig. 25-b), 
fixators (Fig. 25-c) and screws (Fig. 25-d). Sizes of elements for each individual zone are 
listed in table 2. 
 
 
Fig. 25. FEM mesh of individual objects of the designed structure 
 
Table 2. Objects with edited size of mesh elements: 
Object Element type Element size [mm] 
Bone surrounding implant Solid 187 1 
Implant body Solid 187 1 
Fixators Solid 187 0.2 
Screws Solid 187 0.2 
 
 This settings gave a total elements number of 212 743 for geometry model with 
straight wall defect and 194 372 for geometry model with incline wall defect. Resulted 
average total computational time was 5 hours and 26 minutes in the first case and 4 
hours and 57 minutes in the other case. Additional reduction of element size would lead 
to farther increase of computational time. 
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9.2 Model of Materials 
To achieve desired results, prescribing a suitable material properties to each 
geometry model of the designed structure is necessary. In this thesis all materials were 
used under assumptions of homogeneity, isotropy and linear plasticity, and were 
described by values of Young’s modulus (E) and Poisson’s ratio (µ) obtained in research 
section and listed in table 3. 
Table 3. Material properties: 
Material Young's Modulus E [MPa] Poisson's Ratio [-]  
Bone 15 000 0.3 [44] 
Ti6Al4V-ELI 110 000 0.3 [26] 
PMMA 3 000 0.39 [21] 
PEEK 3 600 0.38 [16,28] 
Hydroxyapatite 20 000 0.25 [42][43] 
 
In solving system, screws and fixators were considered to be made of TI64 ELI, while 
for each type implant body, four types of materials were tested: TI64 ELI, PMMA, PEEK 
and Hydroxyapatite. 
 
9.3 Model of Boundary Conditions 
As a part of the whole geometry structure compilation, several contact between 
individual components were created. Correct setup of these connections is decisive for 
achieving system credibility. In this work, screw-threads were not considered in the 
design of the micro screws. Therefore, this fact was compensated by setting connections 
between screws and bone tissue and between screws and implant body, as bonded. 
Computationally more complex frictional connections were placed between titanium 
screws and titanium fixators with friction coefficient of 0.3 [44]. Frictional connection 
was also placed between bone and implant body, where due to relatively large contact 
area, the friction coefficient strongly depends on surface roughness of the bone tissue 
wall and fabricated implant as well. Therefore, for all materials the friction coefficient 
was set to estimated value of 0.3 [45]. An exception, was implant made of 
hydroxyapatite. As being mentioned earlier, hydroxyapatite has the ability of 
osteointegration leading to fusion of the two material and therefore, connection 
between hydroxyapatite implant and bone were considered as bonded.  Remaining 
connections between fixator and bone or implants surface were chosen as frictionless. 
The model was loaded under assumptions of static load conditions. The whole 
geometry structure was fixed in space by using command “fixed support”, that prevents 
all displacements, on the bottom cross section of the bone unit were neurocranium 
meets cranial base (Fig. 26-A). In terms of obtaining conservative results, most extreme 
possible cases were considered. To simulate influence of intracranial pressure, the 
whole inner side surface of neurocranium, including implant surface, was loaded by 
pressure of 4 kPa which is a value of intracranial pressure of an adult man or woman 
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(Fig. 26-B). Moreover, external load was considered. The implants was expected to carry 
the whole weight of patient’s head when, for instance, the patient is leaning his head 
on a table. Therefore, with head weight considered to be 8 kg [5], gravitational 
acceleration 9.81 m/s-2 and the area of implant outer surface 40.3 x 10-4 m2, outer 
surface of implant body was loaded by 20 kPa (Fig 26-C). Both pressures were set to act 
in a normal direction to the loaded area. 
 
 
Fig. 26. Loads and supports setup in ANSYS Workbench interface 
 
 
10 Presentation and Analysis of Achieved Results 
To compare stress and strain analysis of the different implant shapes and to 
determine material type influence, 2 geometry models with different shapes of implant 
wall were created. Then, each implant geometry model was given four different models 
of material, giving 8 computational models in total. The solutions were carried out by 
ANSYS Workbench software on PC equipped with quad-core Intel core i7 processor of 
2.2 GHz frequency and 8GB RAM. All solver parameters were set on default values. 
For results evaluation of the 8 computational models described above, assessment 
of equivalent stress of the implanted structure, elastic strain intensity of the bone 
structure and directional deformation of the implant body was crucial. 
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10.1 Equivalent Stress of the Implanted Structure 
As expected, in all 8 computational models the highest equivalent stresses were 
recorded in titanium screws and titanium plates. In the cases of straight wall defect, 
maximum equivalent (von-Mises) stresses for titanium, PMMA, PEEK and 
Hydroxyapatite implants were recorded in the fixator and screws (indicated by red 
arrows) as shown in table 4, while table 5. sums up locations of maximum equivalent 
(von-Mises) stresses for the cases with incline wall defect. Comparison of the highest 
equivalent (von-Mises) stresses in screws and fixators for each computational model is 
shown in figures 27, 28, 30 and 31. Due to great differences of values between incline 
wall cases and straight wall cases, values of stresses for these two geometry structures 
were drawn with different color scales. 
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Table 4. Straight wall defect - maximum stress locations 
Straight Wall Defect 
 Fixators Screws 
Ti 
  
PMMA 
  
PEEK 
  
HY 
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Table 5. Incline wall defect - maximum stress locations 
Incline wall defect 
  Fixator Screws 
Ti 
 
 
PMMA 
 
 
PEEK 
 
 
HY 
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Fig. 27. Comparison of the highest equivalent (von-Mises) stresses in straight wall 
case screws; a) Titanium implant (σmax=586.82 MPa), b) PMMA implant (σmax=530.63 MPa), 
c) PEEK implant (σmax=538.23 MPa), d) Hydroxyapatite implant (σmax=23.53 MPa). 
 
 
Fig. 28. Comparison of the highest equivalent (von-Mises) stresses in incline wall 
case screws; a) Titanium implant (σmax=42.50 MPa), b) PMMA implant (σmax=75.55 MPa), c) 
PEEK implant (σmax=77.89 MPa), d) Hydroxyapatite implant (σmax=23.13 MPa). 
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Fig. 29. Comparison of the highest (von-Mises) stresses in screws 
 
 
 
Fig. 30. Comparison of the highest equivalent (von-Mises) stresses in straight wall 
case fixators; a) Titanium implant (σmax=299.32 MPa), b) PMMA implant (σmax=321.63 MPa), 
c) PEEK implant (σmax=321.24 MPa), d) Hydroxyapatite implant (σmax=31.91 MPa). 
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Fig. 31. Comparison of the highest equivalent (von-Mises) stresses in incline wall 
case fixators; a) Titanium implant (σmax=47.48 MPa), b) PMMA implant (σmax=48.83 MPa), 
c) PEEK implant (σmax=49.97 MPa), d) Hydroxyapatite implant (σmax=33.29 MPa). 
 
 
Fig. 32. Comparison of the highest (von-Mises) stresses in fixator 
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incline wall of the defect is assigned with significant increase in stress of the fixators and 
screws.  However in cases with hydroxyapatite implant, the stresses induced in the 
mounting structure were comparable. Moreover, the result seem to be similar in cases 
where PMMA and PEEK were used, while on the other hand, hydroxyapatite by far 
shows the best results of all materials, due to its ability of osteointegration. 
 
10.2 Elastic Strain Intensity of the Bone Structure 
In this work, for evaluation of the strain states in the bone structure, elastic strain 
intensity was chosen. The greatest values were expected in the drilled holes for implant 
screws. Table 6. compares results for the eight computational models. 
  
 Institute of Solid Mechanics, Mechatronics and Biomechanics 
 
51 
Table 6. Values of elastic strain intensity in the drilled holes 
Elastic strain intensity 
  Incline wall Straight wall Max. Values [-] 
 
  
 
Ti 
  
IW: 0.00097 
SW: 0.01074 
PMMA 
 
 
IW: 0.00181 
SW: 0.01017 
PEEK 
  
IW: 0.00187 
SW: 0.01030 
HA 
 
 
IW: 0.00043 
SW: 0.00039 
-Due to great differences of values between incline wall cases and straight wall cases, 
values of elastic strain intensity for these two geometry structures were drawn with 
different color scales. 
- IW- incline wall 
-SW- straight wall 
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For all implant materials, except hydroxyapatite, where the values equaled, the 
maximum values of strain intensity were by one order less for cases with incline wall 
defect. This fact is associated with less displacement of the incline wall implant due to 
support from the defect incline wall on which the loads were partly transmitted. 
Therefore, with less displacement was associated less stress on the fixators and screws 
and consequently less strain intensity in the drilled hole.  For the computational models 
with incline wall defect for all types of implant materials the most stressed holes were 
located in frontal bone closes to the superciliary arches, while for the other cases, the 
maximum strains occurred in the holes located in parietal bone close to the skull midline 
(Tab. 6.). Among material types, no significant differences could be observed with 
exception of hydroxyapatite which show the best influence on the bone structure strain 
behavior. 
 
10.3 Directional Deformation of the Implant Body 
In terms of evaluation of the maximum implant body displacement, deformation of 
the implant body and bone structure in direction of the acting external pressure that 
simulates the weight of patients head loading the implant surface, was computed. To 
obtain displacements in the prescribed direction of the acting pressure, local coordinate 
system was placed in the center of the implant body with x axis oriented in direction 
parallel to the edge of straight wall defect. Then deformation was computed with 
respect to the x axis of the local coordinate system. The results are presented in figure 
33. Due to great differences of values between incline wall cases and straight wall cases, 
values of displacement for these two geometry structures were drawn with different 
color scales. 
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Fig. 33. Comparison of the implant body directional displacement placed in straight 
wall defect: a) Titanium implant (umax=0.06830 mm), b) PMMA implant (umax=0.12225 mm), 
c) PEEK implant (umax=0.11691 mm), d) Hydroxyapatite implant (umax=0.00171 mm); incline 
wall defect; e) Titanium implant (umax=0.00413 mm), f) PMMA implant (umax=0.01636 mm), 
g) PEEK implant (umax=0.01561 mm), h) Hydroxyapatite implant (umax=0.00166 mm);  
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As expected, directional displacements of implants with straight wall were in 
average by one order greater than those of implants with incline wall. The cause of this 
phenomena is that the incline wall implant, unlike the one with straight wall, cannot 
pass through the defect spontaneously. It is supported by the incline wall of the bony 
structure on which the stresses and consequently strains were partly transmitted as it is 
evident from figure 33. Another consequence of this fact is the difference in 
displacement distribution in the two implant shapes. Due to the influence of the defect 
incline wall, supporting the incline wall implant on its edges, maximum displacements 
are located close the implant center and decreasing toward the edges in concentric 
circles fashion. In contrast, except mounting structures, nothing prevents the straight 
wall implants from in and out of the defect movement. Consequently, the maximum 
displacements are greater and located on the edges due to mutual position of the 
implant in the skull and external load. Materially, PMMA and PEEK implants proved their 
similar behavior, while titanium, due to its mechanical properties, showed smaller 
displacement in implant body. However, as shown in figure 33-e, in case of incline wall 
defect, titanium implant transmits more displacement into the skull. Additionally, 
hydroxyapatite, in both cases, tented to experience the least amount of displacement 
of all due to the bonded connection simulating osteointegration (figure 33-d,h). 
 
 
11 Conclusion 
The aim of this work was performance of detailed research study in context of the 
problem subject and evaluation of stress-strain analysis of two cases of the same cranial 
defect. In the first case, the defect was created by cylindrical cut, resulting in straight 
wall cranial defect, while the other one was created by conical cut, resulting in incline 
wall defect. Cranial implants covering the two cases of cranial implants were considered 
to be made of four different types of material. As a mounting system, three titanium 
fixators and 6 titanium micro screws, created on the bases of existing and commercially 
available components, were chosen. To perform the analysis computational modeling 
approach, using Finite Element Method as a solution methods, was used. For this 
approach creation of the computational model is crucial. Computational models in this 
work consisted of geometry, materials and boundary conditions sub-models. 
The computational models were evaluated on equivalent stress of the whole 
structure, elastic strain intensity of the bone structure and directional deformation of 
the implant body. The obtained results showed, that the defect, which had been given 
the incline wall, showed overall better mechanical behavior and positively influenced 
the whole structure. Incline wall defect transmitted in average 7 times less stresses on 
the screws and 6 times less stresses on the fixators mounting the implant in the bone 
structure. Also, in average ten times less displacement of the incline wall implant body 
in the direction of external pressure was observed and consequently the resulted strain 
intensity in the drilled hole for screws were in average less by factor of 7.5.  
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In summary of material stress-strain analysis, from materials that hadn’t been 
considered as fused together with the bone structure, titanium showed most favorable 
results in directional deformation, while PMMA and PEEK implant showed similarity in 
all aspects tested. Hydroxyapatite, in all tested aspects, by far exceeded other materials 
due to its ability of osteointegration. 
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